Early embryogenesis involves cell fate decisions that define the body axes and establish pools of progenitor cells. Development does not stop once lineages are specified; cells continue to undergo specific maturation events, and changes in gene expression patterns lead to their unique physiological functions. Secretory pancreatic acinar cells mature postnatally to synthesize large amounts of protein, polarize, and communicate with other cells. The transcription factor MIST1 is expressed by only secretory cells and regulates maturation events. MIST1-deficient acinar cells in mice do not establish apical-basal polarity, properly position zymogen granules, or communicate with adjacent cells, disrupting pancreatic function. We investigated whether MIST1 directly induces and maintains the mature phenotype of acinar cells. METHODS: We analyzed the effects of Cre-mediated expression of Mist1 in adult Mist1-deficient (Mist1 KO ) mice. Pancreatic tissues were collected and analyzed by light and electron microscopy, immunohistochemistry, real-time polymerase chain reaction analysis, and chromatin immunoprecipitation. Primary acini were isolated from mice and analyzed in amylase secretion assays. RE-SULTS: Induced expression of Mist1 in adult Mist1 KO mice restored wild-type gene expression patterns in acinar cells. The acinar cells changed phenotypes, establishing apicalbasal polarity, increasing the size of zymogen granules, reorganizing the cytoskeletal network, communicating intercellularly (by synthesizing gap junctions), and undergoing exocytosis. CONCLUSIONS: The exocrine pancreas of adult mice can be remodeled by re-expression of the transcription factor MIST1. MIST1 regulates acinar cell maturation and might be used to repair damaged pancreata in patients with pancreatic disorders.
A lthough vertebrate embryogenesis is responsible for the initial establishment of individual cell fates, most cells require additional maturation events to ensure their appropriate specialization in the adult organism. These events often include creation of intracellular polarity, setting up cell-cell communication, and expanding (qualitative and quantitative) gene expression patterns so that cells are able to perform their unique functions. Despite significant progress in defining transcriptional networks that control early cell fate decisions, little is known about how key transcription factors regulate maturation events. This is a particularly important area of investigation because genetic alterations that disrupt the specialization properties of differentiated cells often lead to disease states. Thus, defining the transcriptional circuits that maintain the adult cell phenotype is critical for devising intervention strategies for different diseases.
The exocrine pancreas serves as an excellent model to study cell maturation events. A hallmark of the adult exocrine organ is formation of well-organized acini units consisting of individual acinar cells that show an apicalbasal cellular polarity, clustering of zymogen granules, and extensive intercellular signaling networks. The initial specification of the cells begins early in mouse pancreas development (ϳembryonic day 12.5), but final maturation, including accumulation of abundant rough endoplasmic reticulum, maximum expression of digestive enzyme transcripts, apically localized zymogen granules, and the ability to regulate exocytosis events, occurs during late embryonic and postnatal development. [1] [2] [3] A key protein involved in this maturation process is MIST1 (also known as BHLHA15), a basic helix-loop-helix transcription factor whose expression in the pancreas is restricted to acinar cells. 4, 5 Embryonic Mist1 null (Mist1 KO ) acinar cells fail to establish an apical-basal organization, fail to position zymogen granules, and fail to generate intercellular communication. 4 -6 The block in the final differentiation steps leads to a damaged exocrine pancreas that shows defective exocytosis properties, 4, 7, 8 altered cell proliferation, 9 and a lack of appropriate cell-cell junctions, 6 making the exocrine organ highly susceptible to pancreatic diseases including pancreatitis and pancreatic cancer. 6, 7, 10 The Mist1 gene is unique in that it is expressed exclusively in secretory lineages including salivary gland acinar cells, zymogenic cells of the stomach, lactating mammary epithelial cells, Paneth cells of the intestine, and in antibody-secreting plasma cells. 4, 5, [11] [12] [13] DIMM, the Drosophila ortholog of MIST1, is expressed similarly in secretory peptidergic neurons that produce neuropeptides. 14 -16 The MIST1/DIMM expression patterns suggest that these proteins have a central role in controlling specific secretory properties associated with each of these differentiated cell types. Indeed, studies by Tian et al 17 have shown that MIST1 controls expression of the small guanosine triphosphatase genes Rab26 and Rab3d, both of which are critical to forming appropriate zymogen granules in stomach zymogenic cells. Similarly, DIMM activates several genes involved in regulated secretion of neuropeptides. 14 In all cases, activation or repression of MIST1/DIMM target genes occurs via binding to specific E-box regulatory elements. 14, [17] [18] [19] Studying maturation events in adult pancreatic cells has been hampered by a lack of a tractable genetic system in which changes in cell organization can be followed within the context of the intact organ. To address this question, we generated a novel system in which expression of a Mist1 transgene was induced in disorganized Mist1 KO acinar cells within the context of the adult mouse pancreas. Our studies show the remarkable ability of the Mist1 transcriptional network to restore wild-type gene expression patterns to Mist1 KO acinar cells. The altered gene expression produced dramatic changes in cellular phenotypes, including generation of apical-basal polarity, increased zymogen granule size, reorganization of the actin cytoskeletal network, and restoration of intercellular communication. In addition, regulated exocytosis function was fully restored upon MIST1 induction. Each of these changes occurred in adult acinar cells in the absence of cell regeneration. These results show that the injured adult exocrine pancreas can be remodeled via expression of a single transcription factor, offering new research paradigms in repairing damaged organs.
Materials and Methods

Mouse Strains and Genotyping
Mist1 CreER/ϩ and Mist1 CreER/CreER mice have been described previously. 10, 20 The LSL-Mist1 myc transgene was generated by replacing the LacZ gene with a myc-tagged Mist1 coding sequence in the pCAG-CAT-LacZ plasmid that contains a Lox-STOP-Lox cassette. 21 Pronuclear injections and generation of LSL-Mist1 myc mice were performed by the Purdue University Transgenic Mouse Core Facility. Genotyping and recombination primer sets are listed in the Supplementary Materials and Methods section. Induction of Cre-ER T2 activity was accomplished by single administration of tamoxifen (200 L of 20 mg/mL) via oral gavage to adult mice (8 -9 wk). All experiments were performed with mice on a C57BL/6 background, and all animal studies were conducted in compliance with the National Institutes of Health and the Purdue University IACUC guidelines.
Histology and Immunohistochemistry
Mouse pancreata were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned, and stained using conventional histologic techniques. Tissue sections were deparaffinized and retrieved using the 2100-Retriever (PickCell Laboratories, Amsterdam, The Netherlands) and antigen unmasking solution (Vector Laboratories, Burlingame, CA 
Electron Microscopy
Pancreata were fragmented into 1-mm cubes and fixed in 3% paraformaldehyde/0.5% glutaraldehyde in phosphate-buffered saline, gradually dehydrated, and embedded in Epon resin (Electron Microscopy Sciences, Hatfield, PA). Electron micrographs were obtained from ultra-thin sections using a Philips CM-100 transmission electron microscope (Philips, Andover, MA).
RNA Expression Analysis
Pancreatic RNA was isolated using the RNeasy system (Qiagen, Valencia, CA). RNA processing, hybridization, and initial analysis of the Affymetrix Mouse Gene 1.0 ST expression arrays (Affymetrix, Santa Clara, CA) was performed by the Indiana University Center for Medical Genomics according to the manufacturer's protocols. The complete set of .CEL files is available at the National Center for Biotechnology Information Gene Expression Omnibus (GEO accession number GSE34232). For real-time polymerase chain reaction (PCR) analysis, RNA was converted to complementary DNA using the iScript complementary DNA synthesis kit (Bio-Rad, Hercules, CA) and amplified with FastStart Universal SYBR Green (Roche Applied Science, Indianapolis, IN) using an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA). Real-time PCR primers are listed in the Supplementary Materials and Methods section.
Chromatin Immunoprecipitation
Mouse pancreata were disrupted using a dounce homogenizer and fixed in 1% formaldehyde for 10 minutes. Fixation was quenched in 125 mmol/L glycine for 5 minutes, and nuclei were disrupted with 10 mL lysis buffer (10 mmol/L Tris-HCl, pH 7.5, 10 mmol/L NaCl, 3 mmol/L MgCl 2 , 0.5% octylphenoxypolyethoxyethanol, and 1 mmol/L phenylmethylsulfonyl fluoride). Samples then were sonicated 5 times and precleared with Protein A sepharose beads (GE Healthcare, Latham, NY). Incubation with 2 g anti-MIST1 or control IgG was performed overnight at 4°C with rocking. Bound protein/DNA complexes were resuspended in TE buffer supplemented with 195 mmol/L NaCl. Cross-linking was reversed by incubation at 65°C overnight and digested with proteinase K at 56°C for 4 hours. DNA was purified using a Qiaquick PCR purification kit (Qiagen) and used for real-time PCR.
3 minutes after injection. Amylase secretion assays were performed using published protocols. 22 Briefly, whole pancreata were isolated, washed in Hank's Balanced Salt Solution, and injected with 0.1 mg/mL collagenase P (Roche Applied Science) in serum-free media supplemented with bovine serum albumin. Pancreata then were rocked at 37°C for 40 minutes in fresh collagenase P solution, sheared via passage through narroworifice pipettes, and filtered through 150-m nylon cloth. Isolated acini were washed, given a 30-minute rest period at 37°C, and then stimulated with 30 mol/L cholecystokinin. Supernatants and cell pellets were collected for quantification of percentage amylase release via the Infinity Amylase Detection Kit (ThermoFisher Scientific, Waltham, MA).
Results
Establishing an Inducible Mist1 Mouse Model
Mouse pancreatic acinar cells are specified during early pancreatic development but final maturation of the cells occurs postnatally and is dependent on an intact MIST1 transcriptional network ( Figure 1A ). [1] [2] [3] 5, 6 Given the importance of maturation events to a normal exocrine pancreas, we asked if activation of a single transcription factor in damaged adult acinar cells could re-establish maturation properties and cell function. To this end, we developed an inducible transgenic mouse line that expressed a myc-tagged MIST1 protein upon Cre-mediated recombination of an upstream Lox-STOP-Lox cassette (LSL-Mist1 myc ) ( Figure 1B ). Crossing LSL-Mist1 myc mice to Mist1 CreER/ϩ mice 10,20 generated Mist1 CreER/CreER /LSL-Mist1 myc offspring that lacked the endogenous Mist1 allele (Mist1 KO / LSL-Mist1 myc ). Upon exposure to tamoxifen (TM), the transcriptional LSL stop cassette was excised and expression of Mist1 myc was driven by the constitutive CAG promoter exclusively in acinar cells ( Figure 1C and D) . 21 Mist1 mycexpressing cells were observed as early as 6 hours after TM, with peak response (ϳ90% acinar cells) achieved by 24 hours ( Figure 1E ). Importantly, no overt phenotype was observed in the acinar, ductal, or islet cell compartments of Mist1 CreER/ϩ (Mist1 HET )/LSL-Mist1 myc mice that maintained constitutive Mist1 myc expression for more than 3 months (Supplementary Figure 1A and B).
Genome-Wide Expression Changes Upon
Mist1 myc Induction
The Mist1 KO between Mist1 KO and WT pancreata (Figure 2A ). Interestingly, within 36 hours of inducing LSL-Mist1 myc , the gene expression signature of Mist1 KO /LSL-Mist1 myc pancreata was remodeled with an overall shift in gene expression profiles approaching WT signatures (Figure 2A and B) . Analysis of the array data revealed a cohort of 949 genes (P Ͻ .05; fold-change, Ͼ1.5) that were expressed differentially between WT and Mist1 KO pancreata ( Figure 2B and C). Of these, 353 (37%) were classified as fully rescued in Mist1 KO / LSL-Mist1 myc samples, with 186 genes up-regulated and 166 genes down-regulated within this short time frame. A gene was considered fully rescued if its relative array expression value was within 25% of WT levels. For example, MIST1 myc -activated genes that had Ն75% of WT levels and MIST1 myc -repressed genes that were Յ125% of WT levels were considered fully rescued. Similarly, 145 genes (15%) had a partial rescue profile, reaching 50%-74% (activated genes) or 126%-150% (repressed genes) of WT expression levels by 36 hours (Figure 2B and C). Another 98 genes had significant qualitative differences but only modest quantitative changes toward WT levels (Ͻ50% for activated genes and Ͼ150% for repressed genes). Interestingly, 354 genes (37%) that showed significant differences in expression between WT and Mist1 KO pancreata remained unchanged in the Mist1 KO /LSL-Mist1 myc samples, suggesting that these were target genes that responded slowly to MIST1 myc or were genes with altered expression patterns in adult Mist1 KO pancreata but were not direct MIST1 gene targets ( Figure 2B and C) .
Specific Mist1 Gene Targets
The gene array analyses identified a cassette of acinar genes that rapidly responded to induced MIST1 myc expression in the adult organ. To understand the functional significance of gene expression changes, we focused on 20 genes for the following reasons: (1) they were significantly up-regulated or down-regulated upon MIST1 myc induction, (2) they were identified previously as potential MIST1 targets (connexin32 [Cx32], Atp2c2, and Rab3d), 6, 17, 23 (3) they contained potential MIST1 binding sites, and (4) their gene products likely were critical to normal acinar cell function (Supplementary Figure 2 ). Pancreatic RNA was isolated from adult Mist1 KO /LSL-Mist1 myc mice 1-21 days after TM, and the transcript levels of individual genes were determined by reverse-transcription quantitative PCR and compared with WT and Mist1 KO pancreata RNA expression levels. As shown in Figure 3A and B, a number of genes (Rab3d, Htra2, Uba5, Rab27a, Abcb6, Slc35d1, Nox4, Gstm4, Nfe2l2, and Rnd2) showed rapid transcript changes (up and down) that approached WT levels by 24 hours after TM and that were maintained at near WT levels over the 3-week time course. In contrast, other genes (Cx32, Atp2c2, Wdyhv1, Copz2, Foxp2, Aldh1a1, Ptgr1, Cldn10, Ppap2b, and Smarca1) showed a gradual change in transcript levels that nonetheless achieved WT levels over the 21-day period. Regardless of the differences in rates of expression, the MIST1 myc -induced up-regulated and down-regulated changes were specific to this gene set because the expression profiles for a number of other genes were not significantly different between WT and Mist1 KO samples and remained unresponsive to MIST1 myc expression ( Figure  3C ). Likewise, induction of MIST1 myc in Mist1 CreER/ϩ mice had no effect on the expression of putative MIST1 target genes, including Cx32, Atp2c2, and Rnd2 (Supplementary Figure 1C ). These results confirm that increased Mist1 expression per se does not lead to misregulation of the acinar cell transcriptome. Instead, it is the induction of MIST1 myc in a damaged Mist1 KO background that generates specific gene expression changes.
The robust responses of the 20 candidate genes to MIST1 myc suggested that they are direct MIST1 targets. To test this hypothesis, chromatin immunoprecipitation (ChIP) assays were performed with anti-MIST1 antibody on WT pancreata to identify MIST1 binding sites. Initial PCR primer pairs were chosen based on 2 criteria: a focus on the 5' promoter and first intronic regions of each gene and on ChIP-seq results, which tentatively identified MIST1 binding sites within the mouse genome. As predicted, most genes showed MIST1-specific ChIP enrichment with the exception of Nox4, which showed no enrichment with several different primer sets (Figure 4) . Sequence analysis revealed a significant concentration of GC or TA E-box target sites situated at or near the ChIP amplicon regions for most of the putative target genes (Supplementary Figure 3) , suggesting that MIST1 activates or represses gene expression through direct binding to E-box regulatory elements located within the promoter and first intronic regions. 18 Several exceptions were found that lacked proximal regulatory sites including the Slc35d1, Atp2c2, Cldn10, and Ppap2b genes, in which the predicted (by ChIP-seq) and confirmed MIST1 binding sites were considerably distal (ϩ11 kb ¡ ϩ54 kb) to the transcription start sites. The combined gene expression and ChIP analyses support the idea that induced Mist1 myc affects gene expression by binding to promoters, distant enhancers, or introns of its target genes to promote or repress gene transcription.
Adult Remodeling of the Exocrine Pancreas Upon Mist1 myc Expression
Although identification of individual MIST1 target genes provides a roadmap to understanding the molecular mechanisms by which MIST1 regulates gene expression, the focus of this study was to investigate if induced MIST1 myc could reverse exocrine defects in an adult intact organ. To examine this possibility, we administered TM to WT, Mist1 KO , and Mist1 KO /LSL-Mist1 myc mice, and then harvested pancreata at 1, 3, 7, and 21 days after treatment. Multiple tissue samples from each time point were examined for known defects associated with the Mist1 KO exocrine pancreas, including alterations in cellular organization, zymogen granule dynamics, and ductal lumen size.
As previously reported, 5 Mist1 KO acinar cells lacked an apical-basal polarity in which nuclei and rough endoplasmic reticulum normally accumulate at the basal aspect and zymogen granules cluster at the apical pole ( Figure  5A and B) . However, expression of the LSL-Mist1 myc transgene re-established the characteristic cellular polarity observed in WT pancreata. Within 24 hours, nuclei began to accumulate basally, with near-complete cellular reorganization by 7 days after TM ( Figure 5A and B). As part of this reorganization, aberrant zymogen granule localization also was rescued, with enhanced zymogen granule clustering evident by 1 day after TM (Figure 5B and C; Supplementary Figure 4A) . Similarly, the smaller-sized zymogen granules found in Mist1 KO acinar cells rapidly achieved WT diameters within 4 days after TM ( Figure 5C ; Supplementary Figure 4B) . Interestingly, acinar reorganization was entirely owing to changes in the current adult cell population. There was no evidence of altered acinar cell regeneration during the 3-week time course (unpublished results).
Another key characteristic of pancreatic acini were the apical, tight junction-dependent lumens where secreted zymogens enter the ductal system. Typical WT lumens were focal and small whereas Mist1 KO acini lumens were highly dilated, with reduced secretion content ( Figure 5D and E). Induction of MIST1 myc in Mist1 KO /LSL-Mist1 myc mice rapidly led to closure of the lumen openings ( Figure 5D and E). Changes in lumen sizes also were accompanied by alterations in the actin cytoskeleton and in the overall size of MIST1 myc -expressing acinar cells. Although Mist1 KO acinar cells were small and lacked a significant cortical and terminal actin web, 5 induction of MIST1 myc re-established the actin cytoskeleton ( Figure 6A ). Likewise, MIST1 myc expression led to increases in the size of Mist1 KO acinar cells but had no affect on islet cell size within the same tissue ( Figure 6B ). The basal level of autophagy that previously was reported for Mist1 KO acinar cells 5 also was completely eliminated within 3 days of MIST1 myc induction ( Figure 6C and D) . Together, these studies place MIST1 within a critical transcriptional network that controls the organization of the acinar cell cytoskeleton to maintain proper apical-basal polarity and zymogen granule dynamics. Similarly, the constant state of physiological stress in the absence of MIST1 is rescued by induced expression of LSL-Mist1 myc in adult cells.
Mist1 Regulates Acinar Cell Communication and Secretion
MIST1 is essential for efficient cell-cell communication owing, at least in part, to up-regulation of the gap-junction protein Cx32. 6, 8 Indeed, Mist1 KO acinar cells were completely devoid of Cx32-containing gap junctions ( Figure 7A ). To determine if induced MIST1 myc could re-establish gap junction complexes, Mist1 KO /LSL-Mist1 myc pancreata were examined for restoration of Cx32 gap junctions over a 3-week post-TM period. As predicted from the Cx32 transcript analysis ( Figure 3A) , Cx32 gap junctions assembled on adult Mist1 KO /LSL-Mist1 myc acinar cells by 3 days after TM ( Figure 7A and B) . In addition, the newly synthesized gap junctions were fully functional. Single-cell injections of 6-carboxyfluorescein into isolated acini confirmed that the transport of 6-carboxyfluorescein into neighboring cells was restored within 3 days of MIST1 myc expression ( Figure 7C) , showing that adult acinar cell intercellular communication can be remodeled by ectopic MIST1 protein.
Finally, to examine if induced MIST1 myc could rescue functional exocytosis in Mist1 KO acinar cells, we performed amylase secretion assays on adult WT, Mist1 KO , and Mist1 KO /LSL-Mist1 myc mice 7 days after TM. As previously reported, 8 Mist1 KO acini were completely unre- sponsive to cholecystokinin induction of regulated exocytosis ( Figure 7D ). However, Mist1 KO mice expressing MIST1 myc showed restored amylase secretion that reached WT acinar cell efficiencies 7 days after TM ( Figure 7D) . Together, these studies show that the defects observed in Mist1 KO granule secretion can be re- 
Discussion
Embryonic cell fate decisions define the body axes and establish progenitor cell pools that direct organogenesis. Much has been learned about the transcriptional networks that are instrumental in permitting cell lineages to develop where loss of key transcription factors can have devastating consequences to this initial body plan. Although the importance of cell fate choices is obvious, development does not cease after cells commit to a specific lineage. Instead, most cells undergo a further cell type-specific maturation in which changes in the cellular transcriptome are needed to ensure proper gene products are available for cells to perform their unique physiological functions. 24 Understanding the molecular pathways instrumental in cell maturation has been hampered by a lack of inducible systems in which the course of specialization can be followed in the intact organ. In this study, we asked if induced MIST1 expression could remodel the adult exocrine pancreas because Mist1 KO -associated defects leave the organ susceptible to bouts of pancreatitis and pancreatic cancer. 7, 10 We found that within 36 hours of MIST1 induction, the expression of 352 genes was qualitatively and quantitatively rescued, with 186 up-regulated and 166 down-regulated. Detailed analysis of a cohort of genes confirmed the presence of MIST1-bound regulatory elements that contained CATATG and CAGCTG E-boxes, the preferred binding sites of the vertebrate MIST1 and Drosophila DIMM proteins. 14, 17, 23, 25 The ability of MIST1 to activate and repress different target genes was expected because previous studies have shown that MIST1/DIMM serve as transcriptional activators or repressors depending on the gene context. 6, 9, [17] [18] [19] 23, 25 Investigation of 20 target genes revealed that their functions were involved intimately in the specialization of acinar cells, namely generating correct cellular polarity and establishing a proper secretory pathway. The expression profiles of genes encoding a tight junction protein (Cldn10) involved in cell polarity 26 and a Rho guanosine triphosphatase (Rnd2) that regulates actin cytoskeletal dynamics 27 were restored to WT levels upon MIST1 myc induction. Similarly, a group of genes (Rab3d, Rab27a, Atp2c2, Gjb1, and Copz2) known to be critical for exocytosis were mis-expressed in Mist1 KO acinar cells and rescued by MIST1 myc . Gjb1, which encodes Cx32, is critical to gap junction formation, allowing cells to use an intercellular Ca 2ϩ signaling cascade for efficient secretion. 6 Mist1 KO acinar cells failed to express Gjb1, but this defect readily was reversed by MIST1 myc expression, which restored Cx32 gap junctions and intercellular communication. The genes encoding RAB3D and RAB27A, small guanosine triphosphatases that are known to be important in vesicle trafficking, 17, 28 and COPZ2, a subunit of the coatomer protein complex involved in vesicle formation, 29 also were up-regulated upon MIST1 myc expression, leading to proper zymogen granule trafficking and increased vesicle size. These results were in agreement with Tian et al, 17 who showed that forced expression of MIST1 in gastric cell lines led to up-regulation of Rab3d and increased vesicle formation. Similarly, the mis-expression of DIMM in Drosophila peptidergic neurons induces genes encoding dense-core vesicle proteins. 25 MIST1 myc also rapidly induced the expression of Atp2c2, the gene encoding the acinar secretory pathway Ca 2ϩ -adenosine triphosphatase 23 and rescued the Ca 2ϩ -dependent exocytosis defects associated with loss of Mist1.
We also identified additional genes (Htra2, Uba5, Abcb6, Nox4, Gstm4, Nfe2I2, and Aldh1a1) that regulate cellular stress pathways. Htra2 encodes a serine protease that plays a protective role against cellular stress. 30 Similarly, Nfe2I2, encoding a basic leucine zipper transcription factor, activates antioxidant and cellular detoxification programs by targeting specific downstream modulators. 31 Another MIST1 target gene was Uba5, encoding an E1-like, ubiquitin-activating enzyme that activates the post-translational modifier protein ubiquitin fold modifier 1. 32 Ubiquitin fold modifier 1 is expressed to high levels in acinar cells and protects pancreatic cells from ER stress-induced apoptosis. 33 In agreement with these altered gene expression profiles, Mist1 KO acinar cells have shown deficient ER-stress pathway responses 7 and increased levels of autophagy 5 that completely were ameliorated by expression of MIST1 myc . Of the identified stress-related genes that came out of our rescue screens, only one (Nox4) was found to not bind MIST1 protein. Interestingly, Nox4 transcription is regulated by Nfe2I2, 34 which itself is a MIST1 gene target. Future studies will focus on mapping the entire regulatory network by which MIST1 controls aspects of acinar cell function.
MIST1 is a unique transcription factor in that it functions primarily to ensure the correct qualitative and quantitative expression levels of specific secretory cell genes to establish proper, regulated, high-capacity exocytosis. Recently, Mills and Taghert 35 proposed that MIST1/DIMM be classified as "scaling factors" that are tasked with controlling entire subcellular domains associated with a mature cell type. In support of this idea, our studies revealed that MIST1 indeed controls aspects of acinar cell organization that are involved in regulated exocytosis events. The importance of MIST1 to maintaining cellular organization also is apparent in a number of pancreatic diseases in which loss of Mist1 exacerbates pancreatitis and pancreatic cancer formation. 7, 10 Similarly, loss of MIST1 is a prognostic indicator of gastric carcinomas. 36, 37 Indeed, alteration of intracellular organization is likely critical to disease formation in many different organ contexts. The ability of Mist1 to alter the phenotype of an adult acinar cell offers new therapeutic opportunities for treating a number of diseases, including pancreatitis and pancreatic cancer.
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